Introduction
Conductive hearing loss occurs if there is a problem in the outer or middle ear that prevents sound from reaching the cochlea in the inner ear. For those with such a problem, a bone conduction (BC) device is an alternative solution. It works by transferring sound by bone vibration directly to the cochlea in the inner ear. However, unlike air-conducted sound, boneconducted sound from a single BC device can reach the cochlea in both ears. This ''cross-talk'' phenomenon, or also known as ''cross-hearing'' in [1] , is then believed as one of the factors that decrease a listener's ability to tell sound direction when using bilateral BC devices [2, 3] .
One research study reported that the acoustic cross-talk cancellation technique commonly used for a two-loudspeaker system to deliver binaural signals to the listener's ears was successfully applied to a dry human skull [4] . In the skull, it worked in the frequency range of 0.25 to 1.5 kHz with the attenuation of the cross-talk signal of up to 12 dB depending on frequency [4] . It was achieved by placing sensors at the locations of the cochleae to observe bone-conducted sound. However, such a strategy could not be applied to a human being directly. For that reason, a ''non-invasive'' way is required and preferable. This paper discusses the use of in-ear bone conduction microphone to implement cross-talk cancellation for boneconducted sound. Since the ear canal is the closest position to the cochlea, we thus hypothesize that the vibration of the bony ear-canal wall due to bone-conducted sound is relative to the vibration of the cochlea, and as a result, the cross-talk cancellation in the cochlea may be achieved by canceling the cross-talk sound as a form of vibration in the ear canal.
Instrumentation
To test the hypothesis, a measurement system setup using in-ear BC microphone was prepared as shown in Fig. 1 . For recording, a vibraudio temco EM-21 was used as BC microphone. Sound stimuli were presented through a goldendance MGD-01 BC headphone. Both playing and recording were done through a Sound Blaster Omni Surround 5.1 external sound card which has a USB computer connection.
Filtered-x least mean square algorithm
Since our purpose is to evaluate whether canceling crosstalk sound in the ear canal may also be felt by participants or not, the cross-talk cancellation system discussed here is for one side cancellation or left ear only as shown in Fig. 2 (a). To reduce cross-talk sound x 0 r ðnÞ, a cross-talk compensation (CTC) filter W RL ðzÞ used for generating anti-sound anti x 0 r ðnÞ from input signal s r ðnÞ is estimated by the filtered-x least mean square (FxLMS) algorithm as shown in Fig. 2 (b). It is working by minimizing the error signal eðnÞ which is the summation of x 0 r ðnÞ and anti x 0 r ðnÞ. We found that bone-conducted sound is observable by the in-ear BC microphone. Therefore, to estimate the CTC filter W RL ðzÞ, we define H RL ðzÞ and H LL ðzÞ in Fig. 2 (b) as the transfer functions from right and left BC transducers to the BC microphone in the left ear canal, respectively. The timestretched pulse (TSP) signal proposed by Suzuki [5] is used to estimate both transfer functions (TFs). It was observable by the BC microphone as shown in Fig. 3 (a). Both TFs extracted from TSPs recorded in the left ear canal are used to run a simulation to minimize eðnÞ in which CðzÞ is the same as H LL ðzÞ with white noise as the input s r ðnÞ. The coefficients of the W RL ðzÞ are updated based on the equation below until the error signal eðnÞ converges (see Fig. 3 
where w RL ðnÞ is the coefficient of the W RL ðzÞ in the time domain, and is the parameter that determines the convergence rate of the system. xðnÞ in Eq. (1) is obtained by filtering the s r ðnÞ with the CðzÞ. Once the CTC filter W RL ðzÞ is obtained, it will be used to estimate the anti-signal of the input s r ðnÞ in order to confirm whether the cross-talk sound can be canceled and its attenuation can also be felt by participants.
Measurements

Participants
Four participants with self-reported normal hearing joined the measurements. The age range is between 25 and 29 years old. They were sitting in an anechoic room during measurements while wearing the BC headphone and placing the BC microphone in the left ear canal.
Parameters
Sound playing and recording were made with 16-bit resolution at a sampling rate of 16 kHz. The length of TSP Ã e-mail: irwansyah@ieee.org y e-mail: tuie@cs.kumamoto-u.ac.jp signal was about 1 s, more precisely, about 16,384 samples. Once both ipsilateral and contralateral TFs were obtained, a 15-s white noise was used as an input signal of the FxLMS algorithm to estimate the CTC filter W RL ðzÞ. The tap length of the filter used here was considered to be 256 samples (or 16 ms).
Procedure
A single TSP sound was presented alternately to the left and right BC transducers of the headphone and simultaneously recorded by the BC microphone in the left ear canal of each participant to estimate BC transfer functions (TFs). Once they were obtained, we inputted a white noise to the FxLMS algorithm to estimate the CTC filter W RL ðzÞ. A pink noise as stimulus was then filtered by the CTC filter, and its result was considered to be a cancellation signal. After that, the pink noise was presented to the right BC transducer, while the cancellation signal was provided to the left one; at the same time, the BC microphone picked up the interference of the two signals, whether or not they effectively cancel each other out in the left ear canal. The recorded signals when the pink noise was presented with and without its cancellation signal were analyzed in each one-third octave band to obtain the attenuation of the cross-talk signal. Sound stimuli presented to the BC transducers were at a level corresponding to 60 dB sound pressure level (SPL) adjusted according to a loudness balancing technique [6] . The duration of the stimuli when measuring the attenuation was 10 s. On the other hand, when asking the participants which sound is louder between the stimuli with and without cancellation, the duration was rather short, about 1 s, and there was a one-second interval between stimuli. An earphone with music playing was inserted into the right ear of each participant to mask the sound from the right BC transducer, so that the participant could focus only on the cross-talk sound being attenuated on the left ear. 4.4. Results and discussions Figure 4 shows the spectrograms of the TSP sound recorded on the left ear, also indicating the amount of the cross-talk TSP sound arrived in the left ear canal of each participant as a function of time and frequency. Below each spectrogram, a graph showing the amount of the attenuation of the cross-talk sound of each participant is also provided, obtained by comparing the pink noises with and without cancellation. From the spectrograms, it can be seen that the cross-talk sound occurs in all participants, but in the different frequency ranges. For example, for participant 1, it is quite visible up to 4 kHz. On the other hand, for participant 4, it is only up to around 1.5 kHz. As a result, the attenuation graph of the cross-talk sound for each participant is very much related to their own spectrograms. For participant 4, cancellation worked up to 1.5 kHz, but for participants 1, 2 and 3, it could even reach frequency over 2 kHz. In general, the crosstalk cancellation might work well depending on individual BC characteristics.
Since the attenuation graphs as shown in Fig. 4 were observed by canceling the cross-talk sound in the outer ear canal of each participant, we wondered whether or not the cancellation also occurs in the cochlea and can be felt by participants. We divided the test sounds into two categories: (1) low-pass pink noises with a cutoff frequency of 1.1 kHz and (2) band-pass pink noises with frequencies between 900 Hz to 1.8 kHz. Ten-times test results of each participant for each category are shown in Table 1 . From the table, it can be seen that low-pass pink noises with and without cancellation could easily be felt and distinguished by all participants, indicated by a circle sign . On the other hand, for band-pass pink noises, all participants reported that it was quite difficult, indicated by these signs and Â. Participants 1 and 2 felt no loudness difference between band-pass pink noises with and without cancellation, making their scores low. However, participants 3 and 4 could still get a high score. When asking more details to them, they explained that they chose which sound is louder based on the difference in the perceived direction. If a test sound is like in the center of the head, they will answer it as a loud sound. On the other hand, if a test sound seems to come from behind, they will think that it is not as loud as the sound from the center of the head. By answering like that, it was leading them to the right answer. In our opinion, such a way of answering may also indicate that the cancellation was working. As we know that a human being is able to distinguish between front and back because of the human pinna. The pinna attenuates high-frequency components when a sound is coming from the back, and, as a result, we will think that the sound is in the back. In the cancellation tests for participants 3 and 4, the attenuation might happen in the frequency band when using band-pass pink noises. Because of that, participants 3 and 4 explained that one of the sounds seemed to come from behind. Since it is not easy to confirm, however, in general, all participants agreed that it was relatively easy to tell which sound is louder between sound with and without cancellation when low-pass pink noises were used. One potential concern when gathering responses from the participants -''which one is louder''-was that the cancellation signal presented via the left BC transducer to cancel the cross-talk sound is also transmitted to the right ear as a crosstalk sound. This may lead to either constructive or destructive interference in the right ear which can affect the total perceived loudness even if a masker is presented to the right ear. Since the cancellation signal is specifically designed by the CTC filter to effectively cancel the cross-talk sound in the left ear, we thus believe that such constructive and destructive interferences occurred in the right ear might not be as large as the cross-talk cancellation (destructive interference) observed in the left ear canal of each participant as shown in Fig. 4 , in which the attenuation can reach up to 13 dB and occurs in a fairly wide frequency range. Therefore, participants were able to distinguish between stimuli with and without cross-talk cancellation signal. Furthermore, pink noise, having random fluctuations, is suitable for testing the cross-talk cancellation because it is unlike a pure tone which is easier to cancel due to its repetition in the waveform.
Application
With the rapid development of technology, recent BC transducers can be even used for normal hearing people for listening to music or combining with a head-mounted display (HMD) for augmented reality (AR). However, the ''crosstalk'' problem is still an issue when using a pair of BC transducers. Big companies such as Google and Oculus are also trying to find a better solution to solve the ''cross-talk'' issue. Google applied for patent for stereo audio using BC transducers, and it was published as a U.S. Patent in 2015 [7] . However, the way to estimate transfer functions (TFs) such as H LL ðzÞ and H RL ðzÞ is still manual, adjusted by a participant until he/she perceives a silence when a cancellation occurs. It is time-consuming actually, as has been tried in [8] . For an easy use, using a sensor is preferable for faster estimation. Recently, in Sep 2018, Oculus published an idea about crosstalk cancellation using accelerometer sensors [9] . The sensor is placed behind the ear, and a BC transducer is above the ear. Since the idea was published as a U.S. Patent, there is no available data mentioning how good the cross-talk cancellation could be achieved by placing a sensor behind the ear. Thus, as future work, we will compare different positions of the sensor on the head and report its performance.
Conclusions
Using a bone conduction (BC) microphone placed in the outer ear canal, we demonstrated that it is potentially possible to implement a cross-talk cancellation system for boneconducted sound. ''Cross-talk'' sounds were observable by the BC microphone, allowing us to estimate transfer functions for sounds propagating via bones of a user, caused by the left and right BC transducers. As a result, using filtered-x least mean square (FxLMS) algorithm, the cross-talk compensation filter could be estimated, and the cancellation worked in the frequency range of 0.2 to 2 kHz with the attenuation of up to around 13 dB depending on frequency. Since the BC microphone was placed in the outer ear canal, still a few cm from the cochlea, so the attenuation only at a frequency below around 1 kHz could easily be felt by the participants.
As a future work, we also plan to investigate whether the cancellation signal transmitted to the opposite ear as a crosstalk would have a positive or negative impact on the perceived sound.
